Haloacetamides are disinfection byproducts (DBPs) formed through chlorine/chloramine disinfection processes in drinking waters and have been recently highlighted in the US national Reconnaissance Survey. These species occur at low concentrations, but have been determined to have high cytotoxicity and mutagenicity and therefore may represent a human health hazard. Advanced oxidation/reduction processes (AO/RPs) which utilize free radical reactions are new alternatives to degrade these species. This study reports the absolute bimolecular reaction rate constants for 12 haloacetamides with •OH radical and hydrated electron. The •OH radical reaction rates varied from 5.18 × 10 7 to 1.14 × 10 10 M À1 s À1 , and hydrated electron reaction rates varied from 5.00 × 10 9 to 3.64 × 10 10 M À1 s À1 . Results obtained using an ion chromatograph indicated that ARPs are suitable for dehaloliazation of haloacetamides. These data are required for both evaluating AO/RPs for the destruction of these compounds and for studies of their fate and transport in surface waters where radical chemistry may be important in assessing their lifetime.
INTRODUCTION
The objective of our research was to quantitatively determine the bimolecular reaction rate constants of both the hydroxyl radical and the solvated electron with 12
HAcAms using pulse irradiation. The measured hydroxyl radical and hydrated electron kinetics in this study demonstrated that these emerging DBPs can also be removed by further AO/RP treatment, with the reducing hydrated electron reaction being faster than that of the oxidizing hydroxyl radical. These reaction rate constants are important for kinetic models necessary to describe the destruction of HAcAms via advanced oxidation and reduction processes. , and ε is in units of M À1 cm À1 . All experimental data were determined by averaging 15 replicate pulses using the continuous flow mode of the instrument.
MATERIALS AND METHODS

Materials
The radiolysis of water is described in Equation (1).
where the numbers in parentheses are the G-values (yields).
To study only the reactions of the hydroxyl radical, solutions were pre-saturated with nitrous oxide (N 2 O), which quantitatively converts the hydrated electrons and hydrogen atoms to hydroxyl radicals via the reactions:
To isolate hydrated electron reactions, solutions were pre-saturated with nitrogen in the presence of 0.10 M isopropanol to scavenge the hydroxyl radicals and hydrogen atoms, converting them into relatively inert isopropanol radicals:
A Shepherd® 109-86 Cobalt-60 source was used for γ radiolysis with samples of 0.15 mM HAcAms saturated with N 2 O or N 2 saturated before irradiation. The dose rate was 7.72 krad min À1 , as measured by Fricke dosimetry.
Ion chromatographic analysis
Halogen ion released by the reaction of HAcAms with •OH and e À aq was quantified by ion chromatography (IC-1010, Techcomp®) with a conductivity detector. Separation was performed on an Ion-Pac AS16 anion column (4 × 250 mm, Dionex) using 35 mM NaOH eluent solution at a flow rate of 1.0 mL min À1 .
RESULTS AND DISCUSSION
Hydroxyl radical kinetic measurements
Since the reactions of hydroxyl radical with HAcAms do not present UV-vis absorption, the intermediate buildup method
could not be applied for rate constant measurement, so the hydroxyl radical reaction rate constants with HAcAms were determined using SCN À competition kinetics based on monitoring the (SCN) 2 •À absorption at 472 nm. Equations (6) and (7) show the respective reaction of HAcAms and SCN À with HO• radical.
This competition can be analyzed to give the expression: As the acetamides are substituted by a single halo group, the bimolecular reaction rates are significantly increased, as shown in Table 1 . The hydroxyl radical reaction rate constants were in the following order:
cAm. The effects of the chlorine and bromine atoms are quite similar (three times faster than non-substituted acetamide), meanwhile the iodide acetamide is two orders of magnitudes faster. These results indicate that chlorine and bromine atoms share the same mechanism for enhancing the hydroxyl radical reaction rates; it is largely due to the fact that the electron drawing effect of the chlorine or bromine group stabilizes the intermediates of the carbon center radical from H-abstraction (as shown in Scheme 1), therefore the reaction rate constants will increase.
The effect of the iodine atom can be explained through the electron transfer mechanism. As the iodine can be considered as an electron enriched group, hydroxyl radicals would extract one electron from the iodine group forming HO À , as shown in Scheme 2.
The dual chlorine (bromine) groups further enhanced the electron drawing effects, therefore the hydroxyl radical reaction rates fell in the range of 10 8 M À1 s À1 . The hydroxyl radical reaction rates of triple chlorine (bromine) acetamides were significantly lower than the above two groups.
DCBAcAm presented the lowest hydroxyl radical reaction rate because of its lack of a C-H group. Hydroxyl radical reaction rate constants of HAcAms vary across a broad range. To compare with other relevant DBPs, the constants are similar to those of halo acetic acids (Minakata et al. ) .
Solvated electron kinetic measurements
The second order rate constants for the reaction of the solvated electron with HAcAms were determined by fitting a single exponential decay curve to the time-dependent absorbance of e À aq monitored at 700 nm, since the electron itself presents significant absorption at this wavelength (Figure 3 ). Multiple halo substituted effects were also considered and generally followed the additive results, as shown in Table 1 . The solvated electron reaction rate constants were in the following order:
This evidence pointed to the likelihood that electron reduction at the halo group of HAcAms is more independent, as illustrated in Scheme 3.
Dehalogenization under steady states of AO/RPs
Selected HAcAms (BCAcAm and CIAcAm) have been radiated using γ irradiation to investigate the radical dehalogenization processes under varied conditions. Under hydroxyl radical oxidation (N 2 O saturated) of BCAcAm, the releasing rates of bromide and chloride ions were the same, both were significantly lower than the solvated electron reduction process (N 2 saturated IPA aqueous solutions), as illustrated in Figure 4 (a) and (b). It appears that the reduction process is more effective than oxidation, and further proves that electron reduction more likely occurred at the halogen groups, while hydroxyl radical oxidation was located at the C-H bonds. In the reduction process, the releasing rate of bromine was faster than the chlorine ion, which suggests that bromide is better at leaving the group than chlorine. It was also in accordance with solvated reaction rates of HAcAms.
Regarding the hydroxyl radical oxidation of CIAcAm, the releasing rate of the chlorine ion was significantly faster than the iodine ion, supporting the fact that a single electron oxidation process occurred at the iodine group. The results of solvated electron with CIAcAm, as illustrated in Figure 4 (d),
indicate that the reaction yield of the chlorine group would be higher than the iodine group.
CONCLUSIONS
The measured hydroxyl radical and hydrated electron kinetics for the 12 HAcAms species in this study demonstrated that they can also be removed by further AO/RPs treatment, with the reducing hydrated electron reaction being faster than the oxidizing hydroxyl radical reaction.
Hydroxyl radical oxidation likely occurred at the C-H and iodine groups, while the solvated electron is more effective and focused on the halogen group. These reaction rate constants are important for kinetic models necessary to describe the destruction of HAcAms disinfection byproducts via advanced oxidation and reduction processes. AO/RPs are likely to be feasible techniques for removal of HAcAms in full-scale water treatment processes, but careful assessment is required.
